Combining Multiple, Inexpensive GPS Receivers to Increase Accuracy and Reliability by Schrader, Daniel Kenneth
Purdue University
Purdue e-Pubs
Open Access Theses Theses and Dissertations
2013
Combining Multiple, Inexpensive GPS Receivers
to Increase Accuracy and Reliability
Daniel Kenneth Schrader
Purdue University, sirnesma@gmail.com
Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Robotics Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation
Schrader, Daniel Kenneth, "Combining Multiple, Inexpensive GPS Receivers to Increase Accuracy and Reliability" (2013). Open
Access Theses. 76.
https://docs.lib.purdue.edu/open_access_theses/76
Graduate School ETD Form 9 




This is to certify that the thesis/dissertation prepared 
By  
Entitled
For the degree of   
Is approved by the final examining committee: 
       
                                              Chair 
       
       
       
To the best of my knowledge and as understood by the student in the Research Integrity and 
Copyright Disclaimer (Graduate School Form 20), this thesis/dissertation adheres to the provisions of 
Purdue University’s “Policy on Integrity in Research” and the use of copyrighted material.  
      
Approved by Major Professor(s): ____________________________________
                                                      ____________________________________ 
Approved by:   
     Head of the Graduate Program     Date 
Daniel Kenneth Schrader







COMBINING MULTIPLE, INEXPENSIVE GPS
RECEIVERS TO INCREASE ACCURACY AND RELIABILITY
A Thesis





In Partial Fulfillment of the







Dedicated to my grandparents. Thank you for being the foundation of our family,




I want to gratefully acknowledge Eric Matson, Jeffrey Richardson, and J. Eric
Dietz for serving as my graduate committee, and for giving me the support and
resources I needed. I also want to sincerely thank Byung-Cheol Min for his assistance




LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
GLOSSARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
CHAPTER 1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Statement of the Problem . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Research Question . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Significance of the Problem . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Statement of Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.6 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.7 Delimitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
CHAPTER 2. REVIEW OF RELEVANT LITERATURE . . . . . . . . . . 7
2.1 Surveys and Comparisons . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Applications of GPS . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Assisted and Augmented GPS . . . . . . . . . . . . . . . . . . . . . 11
2.4 Mathematical and Filtering Methods . . . . . . . . . . . . . . . . . 15
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
CHAPTER 3. FRAMEWORK AND METHODOLOGY . . . . . . . . . . . 18
3.1 Proof of Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 Centralized Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.1 Master Agent . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.2 Slave Agent . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3 Decentralized Design . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3.1 Standard Agent . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.4 Prototype Testing and Data Collection . . . . . . . . . . . . . . . . 34
3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
CHAPTER 4. RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.1 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
CHAPTER 5. CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . 60
v
Page




2.1 Summary of the results of GPS accuracy tests by Sando et al. . . . . . 8
4.1 Median errors (without filter) (unit: meters) . . . . . . . . . . . . . . . 39
4.2 Difference in median errors (compared to 1 GPS receiver) (without filter)
(unit: %) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3 Median errors (with filter) (unit: meters) . . . . . . . . . . . . . . . . . 40
4.4 Difference in median errors (compared to 1 GPS receiver) (with filter)
(unit: %) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.5 Difference in median errors, comparing filter vs. no filter (unit: %) . . 41




1.1 Disorienting view when a rescue robot was flipped upside down in a void
in the World Trade Center rubble. . . . . . . . . . . . . . . . . . . . . 3
1.2 A large (approximately 12 m deep) crater near World Trade Center Tower
2. The white square marks the entrance to a void searched, approximately
0.3 x 0.5 m cross section. . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Position data for cycling in a straight line, recorded simultaneously using
a WAAS-enabled GPS unit (a) and an equivalent non-WAAS GPS unit
(b). Offsets were determined for each point as the orthogonal distance
from the regression line, as shown in the enlarged sections. . . . . . . . 9
2.2 3D view of the extracted roads from GPS traces. . . . . . . . . . . . . 10
2.3 System design for GPS/IMU integration and filter/constraints. . . . . . 12
2.4 Equipment setup for GPS/IMU integration. . . . . . . . . . . . . . . . 13
2.5 Conceptual drawing of the Wide Area Augmentation System (WAAS). 14
2.6 Omnidirectional infrared camera used to analyze the constellation of avail-
able GPS satellites from the ground. . . . . . . . . . . . . . . . . . . . 15
2.7 Intensity of electrical charge present in the ionosphere. . . . . . . . . . 17
3.1 Diagram of the initial test setup for proof of concept. . . . . . . . . . . 19
3.2 Photo of the initial test setup for proof of concept. . . . . . . . . . . . 19
3.3 Flowchart for converting raw GPS data to scalar errors. . . . . . . . . . 20
3.4 Latitude and longitude errors for a 1 minute trial. . . . . . . . . . . . . 22
3.5 Average GPS errors for a 1 minute trial. . . . . . . . . . . . . . . . . . 22
3.6 Latitude and longitude errors for a 4 minute trial. . . . . . . . . . . . . 23
3.7 Average GPS errors for a 4 minute trial. . . . . . . . . . . . . . . . . . 23
3.8 Latitude and longitude errors for a 20 minute trial. . . . . . . . . . . . 24
3.9 Average GPS errors for a 20 minute trial. . . . . . . . . . . . . . . . . 24
viii
Figure Page
3.10 Schematic of the centralized design for the multi-GPS system, shown with
8 GPS receivers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.11 Simplified flowchart for the master agent in the centralized multi-GPS
design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.12 Simplified flowchart for the slave agent in the centralized multi-GPS de-
sign. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.13 Schematic of the decentralized design for the multi-GPS system, shown
with 8 GPS receivers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.14 Simplified flowchart for the standard agent in the decentralized multi-GPS
design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.15 Prototype of the centralized multi-GPS system. . . . . . . . . . . . . . 35
3.16 Prototype of the decentralized multi-GPS system. . . . . . . . . . . . . 35
3.17 Arrangement of GPS receivers for prototype multi-GPS systems. . . . . 36
4.1 Results from 1 GPS receiver (without filter) . . . . . . . . . . . . . . . 43
4.2 Results from 1 GPS receiver (with filter) . . . . . . . . . . . . . . . . . 44
4.3 Results from 2 GPS receivers (centralized) (without filter) . . . . . . . 45
4.4 Results from 2 GPS receivers (centralized) (with filter) . . . . . . . . . 46
4.5 Results from 2 GPS receivers (decentralized) (without filter) . . . . . . 47
4.6 Results from 2 GPS receivers (decentralized) (with filter) . . . . . . . . 48
4.7 Results from 4 GPS receivers (centralized) (without filter) . . . . . . . 49
4.8 Results from 4 GPS receivers (centralized) (with filter) . . . . . . . . . 50
4.9 Results from 4 GPS receivers (decentralized) (without filter) . . . . . . 51
4.10 Results from 4 GPS receivers (decentralized) (with filter) . . . . . . . . 52
4.11 Results from 8 GPS receivers (centralized) (without filter) . . . . . . . 53
4.12 Results from 8 GPS receivers (centralized) (with filter) . . . . . . . . . 54
4.13 Results from 8 GPS receivers (decentralized) (without filter) . . . . . . 55






GPS Global Positioning System
IMU Inertial Measurement Unit
LAAS Local Area Augmentation System
NMEA National Marine Electronics Association
PRN Pseudo-random Noise
WAAS Wide Area Augmentation System
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GLOSSARY
Augmentation - Any method of providing assistance or corrections that is
external/auxiliary to a standard GPS receiver.




Schrader, Daniel K. M.S., Purdue University, May 2013. Combining Multiple,
Inexpensive GPS Receivers to Increase Accuracy and Reliability. Major Professor:
Eric Matson.
GPS is a technology that allows for accurate tracking of various parameters,
namely speed and location. Many modern systems and tools require a rapidly-
refreshing report of their speed and/or location, but the GPS technology available
to most users may not be accurate enough for some applications. Methods currently
exist to improve GPS accuracy, but many or all of these methods are expensive, dif-
ficult, or simply not available without special technology and permission.
The research presented in this thesis describes an attempt to improve the ac-
curacy and/or reliability of GPS, without using any expensive or restricted methods.
The ability for any user to improve the accuracy/reliability of their reported speed
and/or location could enable significant changes in how even consumer-level technol-
ogy affects our lives. Personal vehicles, robots, rescue operations, and measurement
devices are but a few examples of what improved GPS accuracy could enhance.
The method used in this study is the combination of multiple, inexpensive GPS
receivers and corresponding microcontrollers into one system, in both a centralized
and a decentralized configuration. Data from the receivers is processed and averaged
internally, allowing the system to produce one output that conforms to NMEA stan-
dards. Producing an output that is syntactically indistinguishable from the output of




Navigation has always been of great importance, but, historically, navigating
meant mastering a combination of astronomical and dead reckoning techniques, nei-
ther of which is anywhere near ideal. The concept behind dead reckoning is simply
vector addition (Misra & Enge, 2006). By keeping track of distance and direction
traveled, it is possible to estimate one’s position relative to the starting point. The
problem is that distance and direction are not the only things that accumulate. Error
also accumulates along the way, creating an inverse relationship between dead reck-
oning’s usefulness and the distance traveled. Navigating by the stars does not, unlike
dead reckoning, suffer from drift. However, astronomical navigation requires a com-
plex set of skills and devices, including a sextant, an accurate clock, an almanac, and
a magnetic compass (Misra & Enge, 2006). Despite the difficulty, early navigators
became remarkably proficient at using the tools available to them to localize, but
as technology and civilization developed, the demand for accuracy surpassed what
ancient methods were able to provide (Schrader, Min, Matson, & Dietz, 2012).
Fast forward to the twenty first century, and, ironically, we are still navigating
by the stars. Our constellation, however, cannot be seen by the naked eye. Con-
sisting of over 30 satellites operated by the US Department of Defense, the Global
Positioning System would have been a dream come true for ancient explorers. De-
clared operational in 1995, GPS ushered in a new era of position and speed tracking
that revolutionized military and commercial operations. “Offered free of charge and
accessible worldwide, GPS is rapidly becoming a universal utility as the cost of in-
tegrating the technology into vehicles, machinery, computers, and cellular phones
decreases” (Bajaj, Ranaweera, & Agrawal, 2002). Since the statement by Bajaj et al.
in 2002, GPS receivers have become so small and inexpensive that GPS has, indeed,
effectively become a universal utility. Today, consumers can expect reliable accuracy
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of about 10 meters (“Product user manual GPS receiver engine board EM-406A”,
n.d.) from unaugmented, “off-the-shelf” GPS receivers. While 10 meters is usually
sufficient for activities like navigating a vehicle, a greater level of accuracy, or at least
reliability, is needed for activities like mapping, search and rescue, agriculture, and
autonomous navigation (since machines do not yet possess the reasoning ability of
humans, which is what allows us to deal with errors in sensory input) (Schrader et
al., 2012).
The Global Positioning System continues to be maintained and upgraded, and
will remain an important element of modern life for the foreseeable future. Therefore,
enabling every user to get the most out of the system, which is essentially what the
proposed research will attempt to do, is an important component of GPS as a whole
(Schrader et al., 2012).
1.1 Statement of the Problem
Localization methods, such as GPS, almost always benefit from greater ac-
curacy and reliability. The complexity of all the subsystems and relationships that
comprise the Global Positioning System means that making changes to any of the sub-
systems or relationships, for any purpose, including improving accuracy/reliability,
is a complicated venture. The Course Acquisition (CA) pseudo-random noise (PRN)
code - the one available to civilians - has a theoretical limit to the accuracy it can
provide (Misra & Enge, 2006), so a method is needed that can achieve greater ac-
curacy and reliability, without changing or externally-augmenting any fundamental
component of GPS, since doing so is often expensive, difficult, or not possible. Such a
method must also be capable of providing significantly improved accuracy/reliability
without using the Precision PRN code, as the ability to decode the Precision (P)
PRN code is primarily what differentiates military and civilian GPS receivers.
3
1.2 Research Question
This research attempts to determine whether or not using multiple, inexpensive
GPS receivers, combined into a single system with one output (by employing simple
averaging), significantly improves accuracy and reliability over using a single GPS
receiver.
1.3 Significance of the Problem
As our reliance on GPS increases, and as GPS sees more and more applica-
tions, accuracy and reliability are becoming increasingly important. Since it is very
unlikely that the US Department of Defense will make the Precision PRN code widely
available, a method for achieving enhanced accuracy/reliability, while exploiting the
low cost of consumer-grade GPS technology, is needed. For instance, consider the
robots used to assist in rescue operations following the World Trade Center attacks
(Casper & Murphy, 2003). Position sensors, such as IMUs and GPS receivers, were
not included on the robots, leading to a lack of useful information coming to the
rescuers. Knowing the robot’s location may, at times, be the only useful information
being transmitted by the robot, since audio/video devices can easily become all but
useless, as illustrated in Figure 1.1 (Casper & Murphy, 2003).
Figure 1.1.: Disorienting view when a rescue robot was flipped upside down in a void
in the World Trade Center rubble.
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Even if the robots deployed during the World Trade Center rescue efforts had
been equipped with GPS, simply using a consumer-grade GPS receiver would not have
been sufficient. The image in Figure 1.2 (Casper & Murphy, 2003) shows the visual
confusion that results from a building collapse. If a robot could only provide position
information accurate to about 10 meters, rescuers might have to spend precious time
and endanger themselves looking for a hole or other point of interest. Therefore, a
method that provides accurate and reliable GPS information is needed.
Figure 1.2.: A large (approximately 12 m deep) crater near World Trade Center Tower
2. The white square marks the entrance to a void searched, approximately 0.3 x 0.5
m cross section.
Those familiar with GPS technology might point out that methods already
exist to enhance GPS accuracy, such as Differential GPS (DGPS) and the Wide Area
Augmentation System (WAAS) (Misra & Enge, 2006), or the integration of inertial
measurement units (IMUs) (Ryu & Gerdes, 2004). However, the urban rescue scenario
highlights several key aspects of the problem of GPS accuracy that demonstrate the
weaknesses of such methods. First, any proposed solution needs to be inexpensive
enough to be affordable and expendable to any potential user, since equipment can
be lost in rescue operations. Military- and survey-quality GPS equipment is not
generally considered expendable, as it can cost in excess of $25,000 (Wing, Eklund,
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& Kellogg, 2005). Second, augmentation technologies, such as DGPS, WAAS, and
IMUs add to the cost of the system and/or may not always be available, so requiring
augmentation to improve accuracy and reliability is not desirable. Third, the quality
of GPS coverage can be bad or nonexistent in urban areas, due to signal degradation
from the densely packed, tall buildings. Therefore, a method that can be extended to
use pseudolites, which are ground-deployable devices that provide GPS-type signals,
has a significant advantage (Stone, LeMaster, Powell, & Rock, 1999; LeMaster, 2002).
1.4 Statement of Purpose
There are three primary aspects to this study. The first is to prove or dis-
prove the theory that simultaneously using multiple receivers significantly improves
performance (see Section 3.1). The second aspect is the design and construction of
the integrated systems (see Sections 3.2 and 3.3). Finally, the third aspect is to char-
acterize performance as the number of receivers being used increases (see Chapter
4).
1.5 Assumptions
The assumptions of this research include, but may not be limited to:
1. The GPS receivers used are all functionally identical and do not interfere with
each other.
2. Imperfections in the arrangement of GPS receivers are negligible.
3. The reported location of the control point (NGS Q 94) is accurate to within 0.5
centimeters.
4. There is nothing that significantly disrupts the environment at the testing lo-
cation.
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5. For the purposes of this study, latitude is always North and longitude is always
West.
1.6 Limitations
The limitations of this research include, but may not be limited to:
1. The capabilities of the USGlobalSat EM-406A GPS receiver.
• 1 Hz output rate
• Not using an external antenna
2. The capabilities of low-cost, low-power, 8-bit microcontrollers.
1.7 Delimitations
The delimitations of this research include, but may not be limited to:
1. Development of a printed circuit board to contain the components.
2. Modification of the GPS receivers.
3. Testing of augmented GPS receivers, such as differential receivers.
4. Testing of restricted GPS technologies, such as Precision PRN-code receivers.
5. Employment of on-the-fly statistical analysis of data by the microcontrollers.
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CHAPTER 2. REVIEW OF RELEVANT LITERATURE
The usefulness and accessibility of GPS have motivated a large body of work
in search of ways to improve, augment, apply, or simply survey the technology, going
back to the early 1990s. Rapid change and improvement is inherent to advanced
technology like GPS, so discussion will be mostly limited to relevant work in the last
decade. In the same vein, it is worth noting that the literature review provided here
will not discuss Selective Availability (a method of limiting GPS accuracy by intro-
ducting controlled errors into the signal), as this feature was disabled by presidential
order in 2000 (Misra & Enge, 2006).
2.1 Surveys and Comparisons
Before examining methods to apply and improve GPS, it is necessary to know
the current state of the technology. An overview of Global Navigation Satellite Sys-
tems is given by Zaidi and Suddle. The United States’ GPS, Russia’s GLONASS,
Japan’s QZSS, and Europe’s Galileo are presented, and some basic comparisons are
made, showing GPS and Galileo to generally be the top performers. (Zaidi & Suddle,
2006).
Going into a bit more detail, Table 1 shows the summary of a small-scale survey
of GPS accuracy by Sando et al. The Pharos receiver was less than $150, the Magellan
and Garmin receivers were less than $350, and the Trimble receiver was approximately
$6000, with all four receivers using the openly available CA-code (Sando, Mussa,
Sobanjo, & Spainhour, 2005). The price differences were representative of the varying
capabilities of the receivers. The Pharos receiver was unaugmented, as receivers in the
proposed study will be, the Magellan and Garmin receivers were WAAS-enabled, and
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the Trimble receiver used WAAS and the Continuously Operating Reference Stations
(CORS) system.













Pharos 18.77 10.49 3.94 to 41.37 14.63 to 22.93
Magellan
Meridian
14.17 6.04 2.46 to 27.66 11.91 to 16.44
Garmin 76S 12.47 8.17 2.46 to 33.86 9.42 to 15.52
Trimble
Geoexplorer
5.58 2.53 0.79 to 10.01 4.49 to 6.66
The evaluation done by Wing et al. also used CA-code receivers, all between
$150 and $320, and obtained accuracies ranging from 1.7 meters to 6.6 meters (Wing
et al., 2005). In contrast, the accuracy of a P-code receiver is shown to be slightly
under 1 meter (Pedlar & Coe, 2005), which will be used as a comparison for the
accuracy obtained by the proposed system. Another point of comparison will be
with augmented GPS receivers, such as those using DGPS and WAAS. Shuxin et al.
obtained accuracy of about 1 meter with DGPS (Shuxin, Yongsheng, & Fei, 2002),
while Witte and Wilson provide an analysis of common CA-code (consumer-grade)
receivers, one using WAAS and one not using WAAS, shown in Figure 2.1 (Witte &
Wilson, 2005).
2.2 Applications of GPS
Anything or anyone that needs to know their location around the world is a
potential user of GPS, making its applications endless. However, in order to provide
9
Figure 2.1.: Position data for cycling in a straight line, recorded simultaneously using
a WAAS-enabled GPS unit (a) and an equivalent non-WAAS GPS unit (b). Offsets
were determined for each point as the orthogonal distance from the regression line,
as shown in the enlarged sections.
a reasonable frame of reference, only a few of the more common applications will be
discussed, such as mapping/surveying, agriculture, aviation, and robot localization.
Using GPS to generate maps and survey land is very convenient, but requires a
level of accuracy not found in standalone “off-the-shelf” receivers. During stationary
surveying tests of inexpensive GPS receivers, Dime et al. found the uncertainty to
range from 2.1 to 4.5 meters, with the number of required position fixes ranging from
a few thousand to almost 2 million (Dime, Music, & Osredkar, 2006). Theoretically,
the large number of position fixes used by Dime et al. highlights one of the primary
advantages of using multiple GPS receivers simultaneously (as in the proposed sys-
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tem): the time required to obtain an equivalent number of data points is significantly
reduced. Using the same principle of collecting large data sets, but with a twist, Guo
et al. generated accurate road maps by analyzing GPS traces from vehicles that drove
on the road, as shown in Figure 2.2 (Guo, Iwamura, & Koga, 2007).
Figure 2.2.: 3D view of the extracted roads from GPS traces.
Agriculture, aviation, and robotics (at least mobile robotics) do not enjoy the
luxury of post-processing of GPS data to obtain sufficient accuracy; they need an
accurate, reliable GPS signal in real-time. Currently, most farming equipment uses
expensive GPS setups, such as dual differential GPS receivers (Eaton, Katupitiya,
Siew, & Dang, 2008), since sub-meter accuracy is required. As agriculture becomes
more global and necessarily focuses on efficiency, a less expensive alternative that
still provides accuracy an order of magnitude better than consumer-grade GPS is
very desirable, or perhaps even necessary.
The requirements that aviation has for GPS guidance are slightly different
than those of agriculture, or, for that matter, most other applications. A high level
of accuracy is needed for situations like landing (certainly better than the accuracy
of consumer-grade GPS receivers), but reliability is equally important. If visibility
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is poor and the aircraft is being guided by GPS, a sudden failure or anomoly in the
GPS data could pose a safety risk. Systems such as the Local Area Augmentation
System (LAAS) have been proposed to address the concerns of guiding an approaching
aircraft (Enge, 1999), but just as all other GPS augmentation technologies, LAAS
may not be available in all situations, particularly if an emergency landing is required.
Continuing in the context of emergencies, robot-assisted search and rescue
has shown promise (Casper & Murphy, 2003; Suzuki et al., 2008), as discussed in
Chapter 1. The trouble with relying on GPS navigation for robots is, as usual, the
limited accuracy of inexpensive GPS receivers. In chaotic environments, like collapsed
buildings and disaster areas, accuracy of position information is crucial. The number
of features and dangers within the Circular Error Probable (CEP) of many common
GPS receivers, which contains an area of about 300 square meters (or roughly the
area of a medium-sized home), can be large enough to present a problem to rescuers
or other robots, so minimizing the area that has to be searched is important. The
combination of better than consumer-grade GPS with ground-based robots, capable
of providing detailed information about their immediate surroundings (Casper &
Murphy, 2003), and aerial robots, capable of providing rapid reconnaissance on a
larger scale (Suzuki et al., 2008), can make rescuers much more effective and efficient.
2.3 Assisted and Augmented GPS
Attempts to enhance the accuracy of GPS are nothing new, and perhaps the
most commonly attempted method is assistance/augmentation, known as AGPS.
There are many different ideas on how to augment GPS receivers, but most can
be grouped into inertial measurement units (IMUs), local area wireless signals, or
wide area wireless signals.
Integrating IMUs with GPS receivers does provide greater accuracy and relia-
bility than using GPS alone, but successful integration is not easy (Godha & Cannon,
2007). Godha and Cannon achieved accuracy of 0.68 to 1.22 meters using a combined
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GPS/IMU device, but as illustrated in Figures 2.3 and 2.4 (Godha & Cannon, 2007),
considerable design and engineering is required. In addition, the GPS and IMU equip-
ment used in Godha and Cannon’s experiment is very expensive, with the IMU alone
costing over $90,000.
Much of the literature on GPS/IMU integration focuses on theoretical tech-
niques and simulations, likely due to the difficulty and expense of implementation.
Everything from various Kalman filters (Ryu & Gerdes, 2004; Cho & Choi, 2006) and
particle filters (Georgy, Noureldin, Korenberg, & Bayoumi, 2010; Georgy, Noureldin,
Syed, & Goodall, 2010) to fuzzy inference (Malleswaran, Anita, Sabreen, & Vaidehi,
2010) and neural networks (Sharaf, Noureldin, Osman, & El-Sheimy, 2005) is studied
as a way to marry GPS receivers with IMUs.
Figure 2.3.: System design for GPS/IMU integration and filter/constraints.
In contrast to IMUs, local area wireless signals (such as WiFi and cellular
networks) do not generally require complex techniques to be combined with GPS.
Kalman and particle filters can be used to some benefit (Fritsche, Klein, & Wurtz,
2009; Lu, Zhang, Dong, & Lin, 2010), or a simpler approach, based on trilateration,
can be used (Zirari, Canalda, & Spies, 2010). Sheng-Cheng Yeh et al. combined
GPS and WiFi positioning techniques using an adjustable weighting scheme (falling
between trilateration and advanced filters in terms of complexity), and were able to
13
Figure 2.4.: Equipment setup for GPS/IMU integration.
achieve an average position error 3.8 meters better than that of stand-alone GPS
(Yeh, Hsu, Su, Chen, & Liu, 2009).
On a larger scale, but still using wireless signals, Differential GPS (DGPS)
and the Wide Area Augmentation System (WAAS), illustrated in Figure 2.5, of-
fer enhanced accuracy (up to an order of magnitude better than unaugmented GPS),
but require ground-based reference stations and/or additional equipment (Enge et al.,
1996; Misra & Enge, 2006). Going beyond using DGPS or WAAS alone, Marinescu
and Cătălin provide an analysis of augmenting DGPS with the European Geostation-
ary Navigation Overlay Service (EGNOS), which serves a function similar to WAAS,
and find that there is not a significant improvement in accuracy, but the error does
acquire different characteristics. (Marinescu & Catalin, 2010).
Instead of relying on the availability of established augmentation systems,
Matosevic et al. created a “home-made” differential correction station. The per-
formance of their “home-made” DGPS is compared to the performance of standard
GPS, and shows an improvement in accuracy of 77-79% (Matosevic, Salcic, & Berber,
2006). Conceptually, this “home-made” DGPS could be considered to be related to
the methods described in Chapter 3, as only inexpensive GPS receivers (and the
supporting equipment) are used to obtain enhanced accuracy.
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Figure 2.5.: Conceptual drawing of the Wide Area Augmentation System (WAAS).
Although the most common, integrating GPS & IMUs and using auxiliary
wireless signals are not the only ways to improve GPS accuracy. By placing proxim-
ity sensors in known locations, Khoomboon et al. were able to update the position
of a GPS receiver when it approached the sensor, providing a sort of calibration
(Khoomboon, Kasetkasem, Keinprasit, & Sugino, 2010). Brilhault et al. created a
device that fused artificial vision with GPS, providing enough accuracy to assist
visually-impaired people with navigating complex environments (Brilhault, Kam-
moun, Gutierrez, Truillet, & Jouffrais, 2011). Getting more complex, or at least
more unusual, Meguro et al. used an omnidirectional infrared camera, seen in Figure
2.6, to analyze the visible sky and characterize the available satellite constellation,
allowing for more reliable and accurate GPS data in urban environments (Meguro,
Murata, Takiguchi, Amano, & Hashizume, 2008).
Finally, some ambitious studies have looked at simultaneously combining mul-
tiple types of assistance/augmentation with GPS. Clanton et al. employed GPS,
IMUs, high-accuracy maps, and artificial vision to create a reliable lane departure
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Figure 2.6.: Omnidirectional infrared camera used to analyze the constellation of
available GPS satellites from the ground.
warning system for manned vehicles (Clanton, Bevly, & Hodel, 2009). In perhaps
one of the more exotic (and expensive) attempts, Grejner-Brzezinska et al. created a
geolocation device based on “tight quadruple integration” of GPS, IMUs, pseudolites,
and laser scanners (Grejner-Brzezinska, Toth, Sun, Wang, & Rizos, 2011). The device
was designed to remotely locate objects of interest, such as unexploded ordnance, and
achieved millimeter-level accuracy in an open environment.
2.4 Mathematical and Filtering Methods
Sensor data are never perfect, no matter the quality of the sensor. There is
always some amount of noise, and one of the most well-known methods of dealing with
sensor noise is to apply a Kalman filter. Yamaguchi and Tanaka used GPS simulations
to determine the parameters for a Kalman filter, then tested (again in simulation)
their Kalman filter’s performance against the least-square method (Yamaguchi &
Tanaka, 2006). The Kalman filter performed well, producing a 75% improvement in
accuracy over the least-square method. However, the method used by Yamaguchi and
Tanaka highlights one of the primary weaknesses of a Kalman filter in the context
of GPS: the process noise Q and observation noise R must be estimated. If the
characteristics of the sensor data change, Q and R must be adjusted. Recognizing
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this weakness, Reina et al. used fuzzy logic to determine a scale factor for the Kalman
parameters in real time, producing a 75% improvement over a standard Kalman filter
(Reina, Vargas, Nagatani, & Yoshida, 2007). Giremus et al. also address the issues
with Kalman filters, as applied to GPS, by studying the performance of H∞ filtering
on simulated GPS data (Giremus, Grivel, & Castanie, 2009). Despite the benefit
of relaxed assumptions of noise parameters, H∞ fitering did not produce noticeable
improvements over Kalman filtering.
The least-square method does not receive the attention that Kalman filtering
does, but by weighting GPS data based on signal intensity, Li improved the perfor-
mance of the least-square method by almost 73% (Li, 2010). Lin et al. went a different
route, applying the Interacting Multiple Model (IMM) estimator to real GPS data,
citing its advantages over “compromise” filters (e.g. Kalman filters) (Lin, Kirubara-
jan, Bar-Shalom, & Li, 2001). The IMM showed an improvement in position accuracy
of about 20% over a Kalman filter, but at the cost of double the computation. At-
tempting to avoid model-based estimators, but not avoiding complexity, Mosavi used
a neural network (more specifically, a Recurrent Wavelet Neural Network) to further
correct DGPS, achieving errors as low as 0.7 meters (Mosavi, 2007).
Filjar et al. do not focus on GPS receivers or GPS data processing, but instead
present three models for characterizing the error caused by the ionosphere (Filjar, Kos,
& Markezic, 2006). The amount of electrical charge present in the ionosphere changes
with altitude (among other parameters), as Figure 2.7 (Filjar et al., 2006) illustrates.
Since GPS uses electromagnetic waves, the ionosphere has a relatively large effect on
the integrity (and therefore, accuracy) of GPS signals. Unfortunately, to use these
models for real time corrections, GPS receivers would need to carry the model data
onboard.
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Figure 2.7.: Intensity of electrical charge present in the ionosphere.
2.5 Summary
The literature discussed in this chapter does present methods of improving
GPS accuracy and reliability, but the complexity and/or expense required for real-
world implementation, particularly for mass consumption, is prohibitive. When ap-
plied to devices with limited battery and computational power, these issues of com-
plexity and cost become even greater. Chapter 3 describes a method and a system
that will attempt to achieve similarly enhanced GPS performance, using only inex-
pensive, unaugmented GPS receivers and low-power microcontrollers.
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CHAPTER 3. FRAMEWORK AND METHODOLOGY
GPS is inherently complex, so methods that claim to make GPS more accurate
or reliable tend to be complex, too (see Chapter 2). When it comes to creating a
working, potentially marketable product, complexity almost always equals expense.
The methods presented in this chapter are not complex, nor are they overly extensive.
Relative simplicity and brevity of description is a large part of the appeal of the
proposed research. This is not to say complexity is fundamentally bad, but when a
problem can be solved by more than one method, the simpler method is generally
considered to be better.
3.1 Proof of Concept
The first step in implementing any new idea is to prove the concept. No
integrated system was created to gather the preliminary data. Instead, four EM-
406A GPS receivers from USGlobalSat (“Product user manual GPS receiver engine
board EM-406A”, n.d.) operated independently, each one sending its data to a mi-
crocontroller that simply separated out the latitude/longitude and sent it to a laptop
computer via USB. Figures 3.1 and 3.2 show the test system in a simple diagram
and in an actual photo, respectively (Schrader et al., 2012). Yong He et al. had the
beginnings of a similar idea, although not quite the same, called “two points relative
location” (He, Yu, & Fang, 2005). Two GPS receivers were set apart by a known
distance, then measurements were taken from both receivers simultaneously, and the
distance between their reported locations was calculated, allowing for characterization
of GPS errors and improved accuracy.
Unprocessed GPS coordinates are obviously necessary, but not that useful on
their own. The process of going from raw GPS data to scalar errors is shown by
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Figure 3.1.: Diagram of the initial test setup for proof of concept.
GPMicrocontroller S Laptop
Figure 3.2.: Photo of the initial test setup for proof of concept.
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the flowchart in Figure 3.3. Individual steps may differ with different receivers and
microcontrollers, but as long as the raw GPS data are in degree/minute format, the
overall process would remain the same.
Figure 3.3.: Flowchart for converting raw GPS data to scalar errors.
A few of the steps in Figure 3.3 need explanation, namely steps 1, 5, and 6. The
“ddmm.mmmm” in step 1 refers to the degree/minute data format that is provided
by the EM-406A receivers. Step 5 refers to “reference coords,” which, in this case, are
the coordinates of the National Geodetic Survey control point (designated “Q 94”)
located at the Purdue University Airport, accurate to about 0.5 centimeters. Step 6
represents an assumption that was made to simplify calculations. When measuring
the distance between two sets of GPS coordinates, that distance is not actually a
straight line, rather it is an arc length. The assumption is that since the distances
being measured are so small (ideally zero), the difference between the straight-line
distance and the arc distance is negligible, due to the curvature of the earth being so
small at the meter scale (Schrader et al., 2012).
The laptop in Figures 3.1 and 3.2 did not do any processing of the GPS data.
The purpose of the laptop was simply data storage. After collection, the GPS data
were processed by a Visual Basic application created specifically for the purposes
of this study, then imported into Matlab for visualization. Here, processing entails
the steps outlined in Figure 3.3, then averaging the distances (errors) for each trial.
There are many methods and filters that could be applied to GPS data gathered from
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multiple receivers, but using a simple averaging function, similar to the method used
by Chen et al. (Chen, Cai, & Tang, 2008), shows significant improvement over a
single receiver.
Preliminary results of the method described in this section, shown in Figures
3.4 through 3.9, were promising, and certainly motivated further study and develop-
ment. The blue dots in Figures 3.4, 3.6, and 3.8 represent the errors (or the distances
from NGS “Q 94”) of individual coordinates, and the red dots represent the average
errors. The change in accuracy appears roughly linear, and although the accuracy
does not always get better with more receivers, the general trend shows significant
improvement.
The test apparatus (Figure 3.2) used in this proof of concept is awkward and
clumsy, to say the least. The varied collection of loose parts accomplished their
function, so the next step was to create a unified system that does the processing
on-board, only outputting one data set that represents the fusion of data from all the
GPS receivers. Actually, two systems were designed that accomplish this same goal,
but in different ways. These two systems, which will be known as centralized and
decentralized, will be compared to analyze the advantages and disadvantages of each
one.
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Figure 3.4.: Latitude and longitude errors for a 1 minute trial.
Figure 3.5.: Average GPS errors for a 1 minute trial.
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Figure 3.6.: Latitude and longitude errors for a 4 minute trial.
Figure 3.7.: Average GPS errors for a 4 minute trial.
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Figure 3.8.: Latitude and longitude errors for a 20 minute trial.
Figure 3.9.: Average GPS errors for a 20 minute trial.
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3.2 Centralized Design
Figure 3.10.: Schematic of the centralized design for the multi-GPS system, shown
with 8 GPS receivers.
The schematic in Figure 3.10 shows the high-level operation of a multi-GPS
system that is centered on a master agent, hence the term “centralized.” For sim-
plicity of illustration, the schematic only includes 8 GPS receivers, but the system
is theoretically expandable to the limits of the master agent, which highlights the
primary strength, and the primary weakness, of the centralized design over the de-
centralized design (see Section 3.3). The reliability of the centralized system should
be higher, due to the ability of the system to cope with the loss of GPS receivers and
slave agents. On the other hand, the scalability of the centralized system is likely
lower than that of the decentralized system, since the master agent must be able to
manage each slave agent.
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3.2.1 Master Agent
Figure 3.11.: Simplified flowchart for the master agent in the centralized multi-GPS
design.
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Figure 3.11 descibes the operation of the centralized master agent. The steps
that are shown represent a simplified description of the process, but the flowchart
still conveys the essence of operation. The following steps are repeated continually:
1. Start the timer (with the timer set to slightly longer than the GPS receivers’
output rate)
2. Has the timer expired?
(a) If yes, go to step 3
(b) If no, keep waiting
3. Request all the GPS data from the first slave (from GPS receivers 1-4)
4. Start the timer (with the timer set to slightly longer than the expected maximum
time required for data transmission)
5. Has the timer expired?
(a) If yes, go to step 6
(b) If no, have all data been received from the first slave?
i. If yes, go to step 6
ii. If no, go to step 5
6. Request all the GPS data from the second slave (from GPS receivers 5-8)
(Note: steps 6-8 only apply if a second slave is present)
7. Start the timer (with the timer set to the same value as in step 5)
28
8. Has the timer expired?
(a) If yes, go to step 9
(b) If no, have all data been received from the second slave?
i. If yes, go to step 9
ii. If no, go to step 8
9. Parse all valid GPS sentences that were received from the slaves
10. Combine all valid GPS data and construct an NMEA-compliant GPS sentence
11. Output the newly-constructed GPS sentence
Many details are not included in the above description, since doing so would
not necessarily serve to better describe the theory of operation.
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3.2.2 Slave Agent
Figure 3.12.: Simplified flowchart for the slave agent in the centralized multi-GPS
design.
In a similar fashion to Figure 3.11, and with the same level of simplification,
the flowchart in Figure 3.12 describes the operation of the centralized slave agent.
The following steps are repeated continually:
1. Received new data from the GPS receiver?
(a) If yes, store the new GPS data
(b) If no, go to step 2
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2. Has the master requested GPS data?
(a) If yes, is any new GPS data available to send?
i. If yes, send all available GPS data to the master
ii. If no, go to step 1
(b) If no, go to step 1
Like with the master, there are many details left out of the slave’s description
that would not make its overall operation any clearer. Both agents, however, rely on
some level of timing/synchronization and repeated data validation that is not shown
in Figures 3.11 and 3.12.
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3.3 Decentralized Design
Figure 3.13.: Schematic of the decentralized design for the multi-GPS system, shown
with 8 GPS receivers.
The schematic in Figure 3.13 shows the high-level operation of a decentralized
multi-GPS system, in contrast to the centralized system in Figure 3.10. Like the
centralized design, Figure 3.13 only shows 8 GPS receivers, but can also be expanded
to include more receivers. The limiting factor to the scalability of the decentralized
system is the required output frequency, where the centralized system is more limited
by the capabilities of the master agent. The output frequency will go down as more
receivers are added to the decentralized design, because each agent must wait for the
previous agent to send data before the process can move forward. Despite the issue of
output frequency, the decentralized design theoretically allows for better scalability
than the centralized design. The disadvantage of the decentralized system, however,
is its relative fragility. To illustrate this disadvantage, consider the analogy of series
versus parallel circuits. If any component of a series circuit fails, the entire circuit
32
fails, which is analogous to the decentralized design, as opposed to the centralized
design, which is roughly analogous to a parallel circuit.
3.3.1 Standard Agent
Figure 3.14.: Simplified flowchart for the standard agent in the decentralized multi-
GPS design.
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The decentralized standard agent can be thought of as a hybrid of the cen-
tralized master and slave agents. The standard agent does not wait for a poll from a
master agent, instead it waits for data from the agent “behind” it and from its GPS
receiver. Also, the standard agent performs some data fusion, where the slave agent
does not. The following steps are repeated in a cycle by the standard agent:
1. Identified as the first agent in the loop? (currently implemented by applying a
logic high to one of the microcontroller’s pins)
(a) If yes, have data been received from the GPS receiver?
i. If yes, forward the GPS data to the next agent
ii. If no, keep waiting
(b) If no, have data been received from the previous agent?
i. If yes, have data been received from the GPS receiver?
A. If yes, go to step 2
B. If no, keep waiting
ii. If no, keep waiting
2. Parse both sets of GPS data
3. Combine the data from the GPS receiver and the previous agent
4. Send the processed (combined) data to the next agent
The operation of the decentralized standard agent is not as time-dependent as
that of the centralized agents. The faster the decentralized agents can operate, the
better the system will perform. The output frequency of the decentralized system
will be largely determined by how long each standard agent must wait before sending
the process down the line.
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3.4 Prototype Testing and Data Collection
The method of testing the performance of the prototype multi-GPS systems
was fairly straightforward, and similar to the method used to prove the concept (see
Section 3.1). Each system (in various configurations) was placed at the NGS Q 94
control point and allowed to run for as long as was practical (1-2 hours per config-
uration), taking into consideration the slower output rate of the prototype systems,
compared to the GPS receivers. The different configurations simply consisted of dif-
ferent numbers of GPS receivers (and microcontrollers, if applicable). The chosen
configurations were one, two, four, and eight receivers. Testing more than eight re-
ceivers was not practical, due to hardware and space limitations. However, with more
refiinement and more powerful hardware, the possible number of GPS receivers could
increase (discussed in chapter 5).
• Independent variables
– System architecture (centralized vs. decentralized)
– Number of GPS receivers (1, 2, 4, or 8)




Figures 3.15 and 3.16 show the actual systems used for this study, in centralized
and decentralized architectures, respectively. In Figure 3.15, the circular arrangement
of the GPS receivers is visible on the top of the device. Figure 3.17 shows a diagram
of the arrangement, which was chosen to minimize the effect of the GPS receivers not
being directly on top of the reference point.
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Figure 3.15.: Prototype of the centralized multi-GPS system.
Figure 3.16.: Prototype of the decentralized multi-GPS system.
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Figure 3.17.: Arrangement of GPS receivers for prototype multi-GPS systems.
3.5 Summary
Going from the proof-of-concept stage to creating prototypes of integrated sys-
tems proved to be a very challenging technical endeavor. These challenges included,
but were not limited to:
• Determining the appropriate hardware
• Developing the concepts for the two different system architectures
• Developing all the necessary firmware, including creating fixed-point arithmetic
algorithms to deal with large, fractional numbers in an 8-bit environment
• Working out hardware bugs, such as interference on transmission lines
• Testing, troubleshooting, retesting, refining
As can be expected with any attempt such as this, just about everything that
could go wrong did go wrong. Once enough kinks were ironed out for both systems to
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function in a stable manner, the process of collecting data was not a trivial one. Since
the best test site was at the Purdue University airport, police and airport authorities
had to be notified, although some run-ins still occurred. Powering the systems was
accomplished with a portable generator, which meant transporting a considerable
amount of equipment to and from the test site each time. Environmental conditions
also created challenges. The mid-winter cold made data collection an uncomfortable
venture, and necessitated a small space heater being used to regulate the temperature
of the prototype systems. Despite the many challenges, two different systems were
developed and successfully tested.
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CHAPTER 4. RESULTS
In this chapter, the results of the tests performed with the decentralized and
centralized multi-GPS systems are presented and discussed. Tables 4.1 and 4.3 list the
accuracies obtained from manipulating each of the independent variables. The errors
were calculated by taking the median error from multiple trials, with the number
of trials depending on the number of coordinates being averaged, according to the
simple formula:
1700 = no. of coords.× no. of trials (4.1)
The total number of 1700 comes from the amount of data available, without
resampling any data during a given trial. To clarify, consider that the analysis of
1000-coordinate trials is not logical, as only one group of 1000 unique coordinates
can be guaranteed. The following is an example of the process used to obtain the
numbers in Tables 4.1 and 4.3: the errors of 10 consecutively-recorded coordinates
from the centralized, 8-GPS configuration (without filter) are averaged, then the same
process is done 169 more times. The median of the resulting 170 values is the number
that is shown in Table 4.1 (5.1 meters, in this case). This process was chosen to
produce representative, statistically-significant results. If implemented in real-time
(as opposed to the post-processing presented here), the system would wait for 10
sets of coordinates, potentially discarding outliers, then combine those coordinates
into a single output. Evaluating the data at different simulated output frequencies
gives some insight into the system’s usefulness for different applications (mobile vs.
immobile).
Also presented in this analysis, as was implied in the previous paragraph, is
the application of a simple data filter. For each system configuration, the standard
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deviation of the distance from the reference point was calculated, then any data
that fell outside of 1.5 standard deviations was removed. Such a filter could be
implemented in a future version of the system(s) presented in this thesis.
Table 4.1: Median errors (without filter) (unit: meters)
# GPS 1 2 4 8
# coords. 1 10 100 1 10 100 1 10 100 1 10 100
Cen
2.2 2.2 2.2
1.6 1.6 1.4 2.8 2.8 2.8 5.0 5.1 4.6
Decen 2.7 2.7 2.5 6.8 6.7 6.9 2.0 1.9 2.0
Table 4.2 shows the improvement (or lack of improvement, indicated by red
text) of each system configuration (i.e. the number of GPS receivers, and centralized
vs. decentralized), relative to the equivalent number of coordinates for the 1-GPS
receiver configuration. The three columns under each of the different numbers of GPS
receivers are not compared to each other. As an example, consider the 2-receiver, 1-
coordinate row. The percentages listed are in comparison to the error obtained for
the 1-receiver, 1-coordinate row, and they are obtained by:
Difference = 100× (1− (error÷ reference error)) (4.2)
Example: 27% = 100× (1− (1.6÷ 2.3)) (4.3)
Table 4.2: Difference in median errors (compared to 1 GPS receiver) (without filter)
(unit: %)
# GPS 1 2 4 8
# coords. 1 10 100 1 10 100 1 10 100 1 10 100
Cen
- - -
27 27 36 27 27 27 127 132 109
Decen 23 23 14 209 205 214 9 14 9
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Tables 4.3 and 4.4 are analogous to Tables 4.1 and 4.2, with the only difference
being Tables 4.1 and 4.2 show the results of the analysis without the 1.5σ filter, and
Tables 4.3 and 4.4 show the results with the 1.5σ filter.
Table 4.3: Median errors (with filter) (unit: meters)
# GPS 1 2 4 8
# coords. 1 10 100 1 10 100 1 10 100 1 10 100
Cen
2.2 2.2 2.2
1.5 1.5 1.3 2.4 2.4 2.3 4.6 4.6 4.2
Decen 2.4 2.5 2.3 6.9 6.9 6.9 1.8 1.7 1.6
Table 4.4: Difference in median errors (compared to 1 GPS receiver) (with filter)
(unit: %)
# GPS 1 2 4 8
# coords. 1 10 100 1 10 100 1 10 100 1 10 100
Cen
- - -
32 32 41 9 9 5 109 109 91
Decen 9 14 5 214 214 214 18 23 27
Table 4.5 lists the difference in error, for each point of analysis, when using
the 1.5σ filter, compared with not using the filter. Using a similar scheme to Tables
4.2 and 4.4, black numbers indicate a decrease in error after applying the filter, and
red numbers indicate an increase in error. The formula used to compute this result is
very similar to Formula 4.2, and the example given is for the decentralized, 2-GPS,
1-coordinate errors:
Difference = 100× (1− (error with filter÷ error without filter)) (4.4)
Example: 11% = 100× (1− (2.4÷ 2.7)) (4.5)
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Table 4.5: Difference in median errors, comparing filter vs. no filter (unit: %)
# GPS 1 2 4 8
# coords. 1 10 100 1 10 100 1 10 100 1 10 100
Cen
0 0 0
6 6 7 14 14 18 8 10 9
Decen 11 7 8 2 3 0 10 11 20
Since filtering data means selectively removing data, Table 4.6 describes how
many data the 1.5σ filter removed from each configuration (number of GPS receivers,
number of coordinates, centralized/decentralized). Recall that the 1-coordinate con-
figurations have 1700 data, the 10-coordinate configurations have 170 data, and the
100-coordinate configurations have 17 data. Relative differences (percentages) are
shown, as opposed to actual numbers of data removed, in order to better illustrate
the comparisons between different configurations. Again, the calculation used for
Table 4.6 is similar to Formula 4.2. The example is for the decentralized, 8-GPS,
10-coordinate configuration:
Difference = 100× (no. of data removed÷ original no. of data) (4.6)
Example: 8% = 100× (13÷ 170) (4.7)
Table 4.6: Amount of data removed by 1.5σ filter (unit: %)
# GPS 1 2 4 8
# coords. 1 10 100 1 10 100 1 10 100 1 10 100
Cen
13 14 6
9 7 6 12 12 12 16 16 18
Decen 16 17 18 15 15 18 7 8 12
Figures 4.1 through 4.14 provide several different visualizations of the data for
each tested configuration. Subfigure (a) is a scatter plot of the (averaged) errors for
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the different numbers of coordinates. The black circle in the center of each graph has
a radius equal to the median of the error values (reflected in subfigure (b), as well
as in Tables 4.1 and 4.3), in order to help visualize the distribution. Subfigure (c)
depicts a box plot (Velleman & Hoaglin, 1981) with the interquartile range shown
by the blue box, the median shown by the red line, outliers represented by the red
plus signs, and the smallest and largest errors within 2.7 standard deviations (or 1.5
standard deviations, when the filter is applied) are shown by the bottom and top
whiskers. When the 1.5σ filter is applied, the box plots show no outliers. This is to
be expected, since the filter, by definition, removed all data considered to be outliers.
The scales of the graphs in Figures 4.1 through 4.14 were carefully chosen,
based on the largest value that each type of graph needed to show. While some graphs
may appear ”squashed,” the purpose is to allow for a visual comparison between
system configurations. If each graph had a scale that was chosen independently, visual
comparisons would not be very valuable. The only exception to this is the centralized,
8-receiver configuration. Due to uniquely large errors, this configuration’s scatter and
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Figure 4.14.: Results from 8 GPS receivers (decentralized) (with filter)
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4.1 Analysis
As discussed in chapters 1-3, GPS is a complex technology. With that com-
plexity comes the possibility for many levels of analysis to be done on a large number
of variables/metrics. However, since this study is not about improving or measuring
the characteristics of the Global Positioning System itself, but rather about utilizing
a common end-user application of GPS (using off-the-shelf receivers to obtain a loca-
tion) in a novel way, the analysis/discussion will be limited to the directly-observable,
dependent variables of accuracy and reliability (and the 1.5σ filter).
With that in mind, refer to Tables 4.1 through 4.4. Concerning accuracy, it
is immediately apparent that, all other variables being equal, increasing the number
of GPS receivers does not always translate to increasing the accuracy. In fact, the
opposite is generally true. For the most extreme example, notice that the accuracy for
the decentralized, 4-receiver configuration is over 200% worse than the comparable
measurement with 1 receiver. The only improvements in accuracy came from the
centralized, 2-receiver and the decentralized, 8-receiver configurations. Subfigures (b)
in Figures 4.1 - 4.14 provide a visual of the data in Tables 4.1 through 4.4. When
looking at the figures, keep in mind that the three bars on each graph, compared to
each other, are not the focus of the current discussion, but rather the comparison of
each bar with its counterpart on the other bar graphs. As a third option, the red
lines in subfigures (c) are an equivalent alternative to subfigures (b).
Although the primary focus is on accuracy, reliability is also important. Reli-
ability is not reflected in Tables 4.1 through 4.4, or in subfigures (b) of Figures 4.1 -
4.14, but is well-illustrated by subfigures (a) and (c). The scatter plots in subfigures
(a) demonstrate the changes in reliability, such as when comparing the decentralized,
4-receiver and the centralized, 4-receiver configurations. The grouping for the latter
data set is much tighter than for the former, giving a potential user more confidence
in the reported location.
For a more quantitative comparison of reliability, subfigures (c) are helpful.
The smaller (or more ”squat”) the box/whisker structure is, as well as the fewer
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outliers that are present, the less variance there is in the error. When comparing the
centralized and decentralized, 4-receiver systems (without the filter) with each other,
the box plots are very illustrative. The decentralized system has a large number of
outliers, where the centralized system only has a few. Additionally, the height of
the box/whisker structures is much larger for the decentralized sytem than for the
comparable centralized system, meaning the centralized design is more reliable, in
this case.
The independent variable of the number of coordinates is noteworthy in the
context of different applications for a multi-GPS system. For mobile applications,
such as mobile robotics or navigation, users would likely be more interested in the
”real-time” performance of the systems, which means looking at the 1-coordinate re-
sults, since 1 coordinate is as close to ”real-time” as is achievable. Viewed in this con-
text, there is no significant advantage (sometimes even a disadvantage) to increased
numbers of GPS receivers in either centralized or decentralized configurations. For
more stationary applications (i.e. 10- and 100-coordinate results), such as mapping or
surveying, the results are similar: there is no significant and/or consistent advantage
to using more than 1 GPS receiver.
As for the application of the simple ”discard the data if it falls outside of
1.5 standard deviations” filter, the analysis shows a small, but fairly consistent, im-
provement in accuracy and reliability. The difference in accuracy when the filter is
applied can be directly observed in Table 4.5, as well as in subfigures (b) of Figures
4.1 - 4.14, and the improvement in reliability is noticeable in subfigures (a) and (c).
Although the chosen filter does not provide an impressively large increase in perfor-
mance, its effect is strong enough to warrant implementation in future versions of
multi-GPS systems (see Figures 4.9 and 4.10, for example), especially considering it
is computationally inexpensive. The downside to the 1.5σ filter, as with any filter,
is the partial loss of data. Table 4.6 describes how much data was discarded by the
filter. Of course, if the filter were changed from 1.5σ to 1σ, for example, the results
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may be better, but more data would be discarded. Therefore, the value of 1.5 was
chosen, due to its favorable balance between performance and data loss.
Perhaps the most notable feature of the data analysis is the lack of consistent
increases (or decreases) in either accuracy or reliability as the number of employed
GPS receivers increases (with or without the 1.5σ filter). However, with the exception
of the 8-receiver configurations, the centralized systems were both more accurate and
more reliable than the comparable decentralized systems. It is important to keep the
results of this analysis in perspective, though. The most significant improvement in
accuracy over a single GPS receiver was 41% (centralized, 2-receivers, 100-coordinates,
with filter), but that is only a difference of about 1 meter. The largest overall differ-
ence in accuracy, although it was negative, was 214% (decentralized, 4-receivers), but
that only amounts to 4.7 meters. Considering the manufacturer of the GPS receivers
used in this experiment states the receivers’ accuracy to be 10 meters (“Product user
manual GPS receiver engine board EM-406A”, n.d.), the results of this analysis do
not show any obvious, useful patterns.
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CHAPTER 5. CONCLUSIONS
The concept of improving the performance of consumer-grade, unaugmented
GPS by fusing the data from multiple GPS receivers proved valid, initially (see sec-
tion 3.1). However, developing two unique systems (centralized and decentralized)
to accomplish ”on-the-fly” GPS data fusion, using only low-cost, low-power, 8-bit
microcontrollers, resulted in two systems that did not reflect the improvements in
performance seen in the proof-of-concept. When considering accuracy, as compared
to a single GPS receiver, using more receivers mostly showed a decrease in perfor-
mance, or at least did not show a strong increase. Some differences in reliability
when using multiple receivers were noticeable, but inconsistent. Even if the reliabil-
ity showed significant improvement, being reliably inaccurate is not very useful.
The reasons for the contradictions between the proof-of-concept results and
the prototype results are not entirely clear from the available data. The contradictions
and inconsistencies may have resulted from experimental error during data collection,
or unknown environmental variables, but the methods of analysis were chosen to
attempt to minimize any such effects. Another reasonable explanation might be the
prototype systems themselves. There may be inefficient or flawed design elements, but
the conclusion could be reached that, although the overall concept is valid, attempting
an implementation with such limited hardware resources is not advisable. Surely,
improvements on the prototype systems used in this study could be made, but it is
doubtful that the improvements would be significant enough to warrant the effort
required to achieve them. A more recommended approach would be to use more
powerful hardware, with resources such as more speed, more memory, and the ability
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